The paper is devoted to finite element method based study of stress field heterogeneity at microstructure level of two-phase cemented carbides. Special attention is put on investigation of influence of the microstructure model type on the stress field distributions. Twoand three-dimensional models of the microstructures have been generated. Moreover, two different representations of the microstructure have been considered. The first one assumes uniformly distributed cobalt phase forming continuous boundaries between tungsten carbide particles. The second one assumes that the cobalt phase shape and distribution are created in a way that allows for no differentiation of continuous boundaries between tungsten carbide grains. Finite element analyses have been carried out with different microstructure models. The results of the simulations are stress distributions in each phase of the material. Furthermore, a numerical homogenization has been conducted to investigate the phase properties' influence on the effective elastic constants of the cemented carbide.
Introduction
At present, the finite element method is the most popular numerical method for evaluating the microfields of discrete micromechanical models [1] [2] [3] [4] [5] . It allows to consider a wide range of microstructural complexities, such as irregular shape and inhomogeneous spatial distribution of the phases, interactions between the phases, etc. On the *Corresponding author: Witold Ogierman, Faculty of Mechanical Engineering, Silesian University of Technology, ul. Konarskiego 18A, 44-100 Gliwice, Poland, e-mail: witold.ogierman@polsl.pl Wojciech Grzegorzek: Faculty of Mining and Geology, Silesian University of Technology, ul. Akademicka 2, 44-100 Gliwice, Poland other hand, very often simplifications of the numerical models are made to make the analysis feasible and computationally efficient. Typically, the finite element analysis is carried out on the basis of a representative volume element (RVE) that is a statistical representation of material properties. RVEs should contain enough information at the microstructure level, including all significant microstructural features. Volume elements could be obtained, for example, from microscopic observations or tomography data [6] [7] [8] . This approach guarantees that the obtained microgeometries are as close as possible to the part of a given sample. The other way is to generate artificial microgeometries by using computer simulations [9] [10] [11] . In this case, phases arrangements are not identical to the given material sample but rather are statistically equivalent to the target material [1] .
Tungsten carbide (WC)/cobalt (Co) composites, commonly known as cemented carbides, are widely used in industry due to their unique properties. There are many publications devoted to finite element analysis of the cemented carbides, many of them focusing on advanced material modelling including, for example, damage phenomenon. On the other hand, they concentrate on mostly simplified microgeometries, and the analyses are carried out in two-dimensional (2D) space. Different ways of microgeometries descriptions are presented in literature.
One of the most popular approaches assumes uniformly distributed cobalt phase forming continuous boundaries between tungsten carbide particles. This approach has been presented by Mishnaevsky et al. [12] , who performed 2D finite element analysis of damage initiation and growth within the cobalt phase. Similar issue has been raised in the work of Dȩbski and Sadowski who also have applied 2D microstructure model [13] . Recently, they extended their model to the third dimension by extruding previously obtained 2D microgeometry [14] (this approach is sometimes referred to as 2.5D modelling [15] ). Finally, they noticed significant differences between the results obtained by using 2D and 3D models. McHugh and Connolly [16] studied ductile crack growth in the cobalt phase. In this case, simplified 2D geometry representing the material phases have been accounted for. Livescu et al. [17] generated 3D microgeometry of cemented carbide including continuous boundaries between tungsten carbide. However, the introduced phases geometries are highly simplified.
Another approach of the cemented carbide microgeometry representation assumes that the cobalt phase shape and distribution are created in a way that allows for no differentiation of continuous boundaries between tungsten carbide grains and the introduction of the socalled cobalt islands. This approach is widely used by basing on the images obtained from the microscopy observations. The 2D microgeometries created in such a way can be found, for example, in the work of Chawla and Chawla [18] , who have determined elastic properties and thermal stresses of cemented carbide. Sadowski and Nowicki [19] investigated the elastic-plastic response of the material by using 2D microstructure model. Özden et al. [20] also performed numerical analysis on the basis of 2D microgeometry including cobalt islands and simulated fatigue crack propagation. Recently, Kayser et al. [15] created artificial 3D microgeometries by using Digimat-FE software [21] in order to simulate residual stresses. The geometrical shape of the tungsten carbides was taken as truncated prisms. A 3D microstructure with a small extension in thickness direction was generated and therefore the authors described their model as 2.5D.
Thus, while various kinds of microstructure models of WC/Co composites are presented in literature, it is 2D models that are used the most frequently. On the other hand, some results reported in literature throw into question the suitability of using 2D models in some cases [22] [23] [24] . Therefore, the aim of this paper is to investigate the differences between the stress distributions in the material phases obtained by considering different modelling approaches. Furthermore, investigation of the phases properties' influence on effective elastic constants of cemented carbide has been conducted by performing numerical homogenization and considering different microgeometry models. During this study two-phase cemented carbides with two different cobalt contents have been accounted for.
Microstructure modelling
Cemented carbides with 6% and 9% mass contents of cobalt phase were considered; micrographs of these materials are presented in Figure 1 . Two-dimensional microgeometries equivalent to the considered cemented carbides are presented in Figures 2 and 3 . Figure 2 shows the microgeometries created directly from micrographs presented in Figure 1 by performing image binarization. The image binarization uses a contrast of colors from the micrograph in order to separate it into a domain of each material phase [25] . In order to obtain a proper image segmentation, the threshold at which the ratio of black to white pixels equals the target volume fraction of the cobalt phase was selected. Figure 3 presents microgeometries also generated on the basis of image binarization, however before the image processing continuous boundaries between tungsten carbide particles have been introduced artificialy. In this case, the volume fraction of cobalt phase depends on the thickness of the grain boundaries. Afterwards, 3D microgeometries were created with commercial software Digimat-FE [21] . The shape of the carbides was accounted for in a similar way as Kayser et al. [15] who considered an average shape of the carbides (truncated prisms) proposed by Lay et al. [26] . In this case the 3D microgeometry generation procedure is based on sequential placement of the carbides of the same shape in the RVE by considering their random position and orientation; moreover, carbide size reduction of 25% from the initial value has been allowed. At first the microgeometry with cobalt islands was generated (similarly to 2D microgeometry presented in Figure 2 ). Microgeometries obtained in such a way for the materials with different cobalt content are presented in Figures 4 and 5. Then, consequently, 3D microgeometries including continuous boundaries between tungsten carbide particles were created (similarly to 2D microgeometry presented in Figure 3 ). In order to achieve the continuous boundaries between tungsten carbide particles, the particles with previously attached cobalt coatings was used in the procedure of the RVE generation conducted by applying Digimat-FE software. Microgeometries obtained in such a way as to represent the materials with different cobalt content are presented in Figures 6 and 7 .
In order to perform finite element computations, the creation of finite element mesh discretizing microgeometries is essential. In the case of 2D model, pixel-based mesh was generated by converting pixels from microgeometry to quadrilateral finite elements. Each 2D RVE has been divided to 250,000 finite elements in a way presented in Figures 8 and 9 . In the case of 3D model, voxel-based mesh was generated by converting voxels from microgeometry to hexahedral finite elements. Each 3D RVE has been divided to 1,000,000 finite elements in a way presented in Figures 10 and 11 .
Simulations have been conducted by considering linear-elastic behavior of the material. In the case of 2D models, plane strain assumption has been taken into consideration. The considered elastic constants of the tungsten carbide phase are as follows: Young modulus equals 714 GPa and Poisson ratio equals 0.19 [16] . The considered elastic constants of the cobalt phase are as follows: Young modulus equals 211 GPa and Poisson ratio equals 0.31 [16] . Simulations were performed with the assumption of perfect bonding between the phases.
Determination of effective elastic properties
To calculate the effective stiffness tensors of heterogeneous materials, the usage of homogenization procedure is essential [27, 28] . Calculation of the equivalent material properties requires solving three RVE boundary value problems in the 2D case and six RVE boundary value problems in the 3D case. For each RVE a prescribed strain is applied by enforcing displacement boundary conditions in accordance with Equation (1) in the 2D case and Equation 2 in the 3D case (a superscript indicates the number of analysis) [29] :
After solving the required boundary value problems, stresses are averaged in the post-processing stage of the analysis in the following way:
where <σ> RVE is average stress, σ is stress in the RVE, and V is volume of the RVE. The relation between applied macro strain ε ij and averaged stress <σ ij > can be expressed via stiffness tensor C as follows:
The results of the conducted numerical homogenization are effective stiffness tensors which have been determined on the basis of the different microgeometries (components of the stiffness tensors are expressed in GPa): 
The analysis of symmetry type of the determined stiffness tensors led to a conclusion that the considered microgeometries exhibit isotropic behavior. Therefore, averaged Young moduli and Poisson ratios have been determined and introduced in Table 1 . In the case of estimated Young modulus, the biggest differences were noticed between the results obtained on the basis of different 2D models (maximum percentage difference equals 2.7%). In the case of estimated Poisson ratios, the differences are more significant than in the case of Young moduli. In general, Poisson ratios obtained by using 3D models differ significantly from the ones obtained by using 2D models (maximum percentage difference equals 31.2%).
Stress distribution at microstructure level
Stress field heterogeneity at microstructure level has been investigated with the use of finite element method. Uniaxial strain ε 11 = 0.001 has been prescribed by applying displacement boundary conditions. The results of the performed analyses are presented in the form of distributions of stresses σ 11 corresponding to the individual material phases (stress values are expressed in MPa). Figure 12 presents the results obtained by using plane strain model including cobalt islands, Figure 13 illustrates the results obtained by using plane strain model including continuous grain boundaries between tungsten carbide particles, Figure 14 shows the results obtained by using 3D model including cobalt islands and Figure 15 presents the results obtained by using 3D model including continuous grain boundaries between tungsten carbide particles. In addition, in order to present the differences between different modelling approaches, stresses distributions obtained by accounting for different models have been presented separately for material with 6% ( Figure 16 ) and 9% (Figure 17 ) cobalt content. Table 2 collects the σ 11 stress averages computed with respect to the cobalt content, dimensionality and microgeometry type.
To illustrate the stress distribution at the microstructure level, the results have been presented in the form of colored contours representing stress levels (results for the material containing 9% of Co have been presented). Consequently, Figure 18A and B present the stress field obtained on the basis of 2D microgeometry models, Figure 19 shows stress field determined by using 3D microgeometry with cobalt islands and Figure 20 the microgeometries containing cobalt islands lead to higher stress concentration in the tungsten carbide phase than microgeometries containing continuous boundaries between the tungsten carbide particles. Moreover, the microgeometries containing continuous boundaries between the tungsten carbide particles show a tendency to provide smaller widths of the stress distributions in tungsten carbide phase. The usage of 2D models makes high stress level in cobalt phase more likely than in the case of 3D models. The analysis of the stress averages collected in Table 2 leads to a conclusion that the averages computed for all 3D models are similar, regardless of the microgeometry description. A different situation is in the case of stress averages computed for 2D models which differ significantly depending on the microgeometry description. In general, 2D models show a tendency to provide higher stress average in cobalt phase and lower stress average in tungsten carbide phase than 3D models.
Conclusions and further work
The main goal of this study is to compare the stress distributions at the microstructure level and effective elastic constants obtained by using different models of WC/Co composites microgeometries. The paper focuses on the application of different microgeometry modelling approaches presented in literature and reveals the differences between the results that they provide. Four models of the RVEs were tested: 2D with cobalt islands, 2D
with continuous boundaries between tungsten carbide particles, 3D with cobalt islands and 3D with continuous boundaries between tungsten carbide particles. Moreover, two different cobalt contents have been taken into account. The performed numerical homogenization based on the finite element analysis of the RVEs allowed to determine the effective elastic constants. In general, the biggest differences were noticed between Poisson ratios obtained by using 3D models and 2D models. In the case of the investigation of the stresses distribution, the results obtained by different models show a high degree of variability. The stress concentration levels, widths of the stress distributions and stress portioning between the phases strongly depend on the microgeometry model. The presented variability of the results shows clearly that special attention must be paid to selection of microgeometry model in the case of analysis of cemented carbides and especially in the case of investigating local material behavior, such as damage initiation and propagation. It must be underlined that the 2D models were created on the basis of micrographs of the real materials while the 3D models, which are statistically equivalent to the real materials, have been obtained by assuming the average shape of the carbide particles and using a computational method for the RVE generation. Therefore, further work is connected with the use of microtomographyin order to capture the actual 3D material microgeometry. The results of the finite element analysis carried out on the basis of the microgeometry obtained from microtomography examination will be compared with the results obtained by using the simplified models described in this paper.
